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Abstract

Two thermohydraulic models of transmission line drive conductor
with and without the void fraction in the superconductor space were
developed and simulated. Quench analysis of 60m transmission line
conductor carrying 100kA under self field 05T is presented.
Conductor models are treated numerically with use of VINCENTA
code. All models are described in detail Results on Normal Zone
propagation velocity, hot spot temperature of conductor, maximal
helium pressure efc. are given.

St.-Petersburg, Russia

February 1999



Contents

"

INTRODUCTION

2 MATHEMATICAL MODELS
2.1 Helium flow

2.2 Conductor

2.3 Collector

24 Valve

25 wWall

2.6 Electrical circuit

3 NUMERICAL METHOD

4 INITIAL DATA AND APPROACHES
4.1 Cable Geometry and Material utilized
4.2 Helium properties
4.3 Thermal and Electrical Properties of Cable Materials
4.4 Correlation for heat exchange and friction
4.5 Hydraulic scheme and initial state
4.6 Space and time discretization

5 SIMULATION RESULTS
5.1 Quench scenario
5.2 Single channel conductor model (zero void fraction)
5.2.1 Option 1 (Referenced)
5.2.2 Option 2 (Effect of initial disturbance zone size)
5.2.3 Option 3 (Effect of no cooling)
5.2.4 Option 4 (Effect of copper purity)
5.3 Two-channel conductor model (7% void fraction)
5.3.1 Option 5
5.4 Impact of contact thermal resistance on hot spot
temperature
Conclusion
Reference
List of Figures

=1 O O D D R

10

11
11
11
12
14
15
15

16
16
16
16

268

57
73

&3



1. INTRODUCTION

Two thermohydraulic models for quench simulation of Transmission Line
conductor with and without the void fraction in the cable space between the invar
tubes were developed. Quench simulation of é0m transmission line conductor
carrying 100kA (average background field 0.5T) under testing conditions is
considered. Conductor models are treated numerically with use of VINCENTA
code. Detail description of numerical models used are described. Simulation have
been performed for central initialized quench. Results on Normal Zone
propagation velocity, hot spot temperature of conductor, maximal helium pressure
and ete. are given.

2. MATHEMATICAL MODELS

The set of models considered below are proper parts of VINCENTA code[1-3]%
The followed modelsof VINCENTA are used for modeling of the transmission line
conductor

e helium flow
e conductor
e collector

e valve

e wall

2.1 Helium flow

The model is intended for simulating the transient parameters of compressible
helium flow inside the channel. The model described by a set of 1D equations of
continuity, momentum and energy oconservation laws completed with the
transverse mass, momentum and energy transfer terms to take into account the
thermal-hydraulic coupling with different flows and solid materials? Final set of
equations describing a transient process for helium flow in the ¢ channel including
interaction with flows in the k channels and # conductors has a form:

yo
(1)

op; + ops _
of ox A;

i)

! Code is intended for transient thermal-hydraulic analysis of complicated superconducting and ryogenic
systems (including cryogenic plant elements and armature such as pumps, valves and heat exchangers), which
are cooled by forced flows of the single and/or two-phase helium.

2 In common case the helium flow in a channel being considered can simultaneously have a thermal contact
with some various solid materials and helium in another channels. Besides, the different helium flows inside
channels can be hydraulically coupled between themselves in longitudinal direction (due to the transverse
holes). As sample, it take a place in Cable-In-Conduit Conductor (CICC) with a central channel and similar
model may be applicable to Transmission Line Conductor, where the helium in void space between the
strands of Rutherford type cableis considered as second channel.
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where p, F, H, V - helium density, pressure, enthalpy and velocity accordingly; f—
friction factor {see item 4.4); A — helium cross sectional area ; Dy — hydraulic
diameter; QX™ — convective heat transfer from conductor m to helium ¢ per unit of

lengthy T8 =-1%, T8V =-1%, I7¥ =" _ mass, momentum and enthalpy flux
from k to i charnel {and vice versa).

The local transverse mass and enthalpy flux from & to ¢ channel can be obtained in
the following simple form:

rkﬁ'l:Sd'{ V2(Fc-R)px . B >R ’
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o JHHVE 12, T >0
ki ki 2 P
H, +V°/2, Iy <0

where Sy is a coefficient having dimensionality of cross-section area per unit of
length between k and ¢ flows (channels)®. Such approach to the transversal transfer
processes between flows seems to be relevant for simulating mass and energy
exchange if an assumption of a small pressure drop between flows is wvalid
(transverse cross area is large enough). The advantage of this model is a possibility
to analyze the influence of transverse coupling on thermal and hydraulic
parameters of coupled flows and allows to estimate the transverse mass and
energy transport term.

The following boundary conditions are used to close system (1)-(3). The helium
pressures at the ends of a chanmel are supposed to be identical to pressures in
joined collectors. When helium enters the chamwsel, the helium enthalpy at an
approptriate end of chamwel is assumed to be equal to the enthalpy in joined
collector. At the closed end of the tube the helium velocity assumed to be zero.

2.2 Conductor

Transient temperature distribution in conductors is described by 1D equation of
heat balance including the transverse conductive and convective heat exchange
and Joule heating terms. Temperature distribution across conductor section

3 The transverse mass flux from k flow is suggested to be normal to i flow, the momentum transport term is
assumed to be negligible (i.e. Tlfiv = —l"i‘f(v =0).



assumed to be uniform* The equation for binary conductor number m including
the heat exchange with conductors # and helium flows # has a form:
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where T, C, k, A™+A? — conductor temperature, heat capacity, thermal conductivity

and cross section area of components accordingly; k, y—coefficient and perimeter of

cond

heat exchange; QR —conductive heat transfer from conductors # and #t per unit of

length; Qi -convective heat transfer from helium in channel § to conductor m per

unit of length; QX - Joule heating of conductor # per unit of length; O, kunll,

Tenll - heat flux to wall k, thermal conductivity and temperature of wall k
correspondingly; Iy - conductor current; o - conductor electrical conductance; I, T,
T.. - critical current, critical temperature and current sharing temperature
acoordingly.

In these equations the material cross-section A, is treated as the cross section in a
plane that is normal to the conductor axis ("twisted" cross section). The same notice
concerns to the material heat exchange perimeter . It is taken, that "twisted"

* Uniform temperature distribution is “natural” assumption of 1D approach and considered as average

temperature for the given cross-section. This model being applicable to current carrier based on following

approaches:

- uniform current density distribution (and consequently Joule heating distribution) during quench between
transposed strands and copper tape

- Bio’snumber in application to actual current carrier is much less than 1 (Bi=hé/k << 1, where h= kin,/ &,
the heat transfer coefficient which is treated on the boundary of the current carrier as ratio of invar
thermal conductivity k;,, to the radial thickness of the invar tube &;,,; & the radial thickness of the current
carrier and k its average thermal conductivity.

Real temperature non-uniformity can be estimated as 8T=0,5%/8k, where q is specific Joule power. If take into

calculation q,=j’p=2e8 W/m®, 8=3e-6 m? and k=60 W/(mK) the following rough estimation can be did as the

worst: AT<10K, Bi<0.02.

® |n common case conductor could have simultaneously a contact with different helium flows as well as with

another conductors.



material cross section and perimeter {for conductors kind of twisted
superconducting strands) used in above equations are defined as Ap = Apon 1/ 050
and Y = Yoo ne/c0s8, where £>0 is an average twist angle®. For non-twisted
materials cos@ =1.

The following boundary oconditions are used to close equation (4). The
temperatures at the ends of the conductor are supposed to be identical to those in
joined conductors.

2.3 Collector

The mathematical model of collector is intended for 0D simulation of helium
parameters in a collector and used as a node element for connecting different
channels and wvalves in series-parallel to one another. The laws of mass and energy
conservation define the helium behavior inside the collector. For collector number

i equations have view
dp; 2 : p 2 p
Q,—+=% Gu+Yy G, ,(8
fod - L] nf { ]I

gf%(Pfo _F;): EGE" +EG£:H +ZQ:;“ ;(9}
I n m

where & - collector volume; p, P, H - helium density, pressure and enthalpy
correspondingly; Gf, Gf" —helium mass and enthalpy flow from channel number

k; Gl ,GP - mass flow from channel k and valve # to collector #; G, G -

enthalpy flow from channel k& and valve # to collector i Q" - convective heat

exchange between helium in collector ¢ and #iass #r.

The mass flow terms in (8) are assumed to be positive if flow is coming into the
collector considered and vice versa. The energy term in (9) is defined as

+V,2 P>
H; Gy <0
where Hi, U are enthalpy and velocity of helium at the end of channel &
connected to collactor i. The same equation takes a place for energy flow coming
from a valve.

2.4 Valve

The model wiue is intended for simulation of mass flow through cryogenic
elements such as valve, hole, chink, etc. In considered model it is assumed that
each valve is connected to two collectors.

® This generalized angle takes into account the twist of Rutherford cable around the inner invar tube too.



To associate the mass flow through the valve with thermodynamic properties of
helium in both collectors we use the simplest model. The flow from a valve inlet
up to the most narrow section of valve Ar (valve outlet) simulated as isoentropic
process (8H-8P /p = 0 ). 1t is assumed that if subcritical flow takes a place then the
pressure at the valve outlet is equal to pressure in outlet collector. In case of
critical flow the outlet pressure isequal to critical one. So, for calculation of helium
properties in the valve outlet k the following system of equations is used:

Hy +3U; =HA.S, = S& , (10)
PO.I:I.I" <

R N YctY
P*l:'ﬂ' ‘U* - C*

G =1, AipiUy , (12)
where Hy, Uy, Fi, pr is enthalpy, velocity, pressure and density of helium at the
valve outlet; H.", 5" is enthalpy and entropy of helium in the inlet collector; P,

crif

is pressure in the outlet collector and Pr™ is critical pressure in the valve outlet.
For the real non-isentropic flow the correction factor py < 1 is used.

2.5 Wall

For simulation transient heat diffusion into the cable shell/jacket a 2D model used
in axial-symmetrical approach. For given cross section 5 of wall k a differential
equation for the wall temperature is:

o
G = gpetnri+

3 , (13)
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The following boundary condition of the third kind is formulated for wall k having
heat exchange with helium flow 7 {(inner surface of inner invar tube)

}ckE;E-l_hf '(Tir _T:‘%):ﬂ

where h; is the heat transfer coefficient and T is the corresponding tem perature
of helium inside the chanwnel i. At outer surface of the wall {outer surface of outer

invar tube) a boundary condition of second kind }C,,Eg:':tp,{mr} used. At the



contact surfaces between conductor m and wall k boundary condition of first kind -
T=T, is assumed’.

A set of another models used to close the above mentioned models by connecting
them between themselves. These models are wvariety Insulation elements,
perforation etc. Generalized presentation of thermohydraulic model of the
transmission line drive conductor is shown in Figure 2.

" In present simulations specific heat power qy assumed to be neglected because in the transmission line
conductor heat balance its power less than 1% of total Joule margin.
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2.6 Electrical circuit

The simplest LR-circuit used as an electrical model for simulation of current
changes during the conductor quench?®

of
LT‘:P + (RNE + Rex:{'r})' fap = U{I} ’ {14}
!

PJcl.:Je
RNE = ¢ {15}
1’2

where L — inductance of circuit, H; Rexr — external {dump]) resistance, Chm; U —
external voltage, V; I — operating current, A; proute =JQj°f"dr - Joule heating

over full conductor length, J.

3. NUMERICAL METHOD

For computing the analysis equations (13-(3}, (8}, {5} have been written in non-
conservative form by using pressure P enthalpy H and velocity V as flow variablas
(introducing the Gruneisen parameter ¢ and isentropic speed of sound c) [4]. So,
each channels is defined by a setof P, H, V variables for helium. All collectars are
defined individually by P, H variables for helium.

All equations related to chamnels and conductors are resulted in finite differences
form on the space variable x. The size of space steps is defined by accuracy of
solved task. For channels connected between themselves by heat and mass transfer
in longitudinal direction the number of nodes is identical. The same refers to the
conductors that connected between themselves and corresponding channels.

Parabolic partial differential equations (13} is transferred in finite differences form
on the space variablesx and r.

Thus we have a system of ordinary differential equations on time wariable
concerning P, H, V and T parameters for all nodes of 1D (channels and conductars)
and 2D (walf) meshes. The complete system of ordinary differential equations on
time (including equations for collectors and current) are solved simultaneously by
Runge-Kutta method of forth order.

The computer code VINCENTA is compiled by MS Fortran Power Station 1.0 and
used for Intel PC compatible computers.

8 In present simulations it is assumed the inductance of circuit L is much greater than actual margin of the
magnet considered. The same refers to the dump resistor: Re: >> Ryz . So during quench protection the current
decay time constant T defined as T = L/Ry (U=0).
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4, INITTAL DATA AND APPROACHES

4.1 Cable Geometry and Material utilized

Data on the cable geomatry and material utilized are given in Table 1,2.

Table 1
CABLEMATERIALS
Strand Copper & NET
Cuter Epe Copper
Inner and Quter tubes {conductor coabing) lnvar
Table 2

GEOMETRIES DATA ON TRANSMISSION LINE
DRIVE CONDUCTOR:

OD of Qutker Invar lube 381 mm
1D of Ouker Tube 31.8 mm
QD of Copper Tape 356 mm
1D of Copper Tape 34.5 mm
QD of supercenductor 34.5 mm
1D ot supercenductor 318 mm
Mumber of strands 8$x30
Averapga cos(a)? 0.86
Cu,/MNETi mtio tor skrand 1.3

Toml CuHNETL mbio 225
Residual Resistivity Ratio (RRR) for Copper 55
Diameter of cooling charnal 30.2 mm
Length 60 m

For two channel conductor model {model with the cable void space filled by SHe;)
it is assumed the void fraction in annulus space between the invar tubes is 10cm?
per 1m of conductor length {about 7%). Besides transversal cross area punched is
supposed to be equal 5mm? per 1m of conductor length.

4.2 Helium properties

In a single phase region the helium thermophisical and transport properties are
calculated according to [5,6]. Enthalpy H and pressure P are accepted as
independent variables. A two-phase helium region is simulated as 2 homogenous
mixture. Anequation of state for such mixture has a form

1 Ppomo (P H) =179 (P)+[1 7 (P) -1/ (P — 1 (P 1 (P)- 1 (P)] , (17)
where p’, p", are the liquid and vapor helium densities on a boundary line of

helium TS-diagram; H', H” are the liquid and vapor enthalpies as a function of
presstre P,

4.3 Thermal and Electrical Properties of Cable Materials

° & is an average effective twist angle of cable strands and copper tape

11



Non-linear thermal {copper, invar and NbTij and electrical {copper only)
properties of the cable materials were taken into account in present simulations.

Copper properties

Correlation for thermal and electrical properties of copper is treated through the
residual resistivity ratio RRR and field B and based on the Wiedemann-Franz law
[8]. Matissen rule used to calculate actual resistivity of copper as p{T)= pid(T}+ Pres,
where pres = p{dK) is residual resistivity. Residual resistivity ratio RRR =
p(273K)/ p{4K) of copper is taken equal to 55. Ideal resistivity calculated in
accordance with the Gruneisen formula pia(T) = C*(T/@)°J5(®/T), where C=27.32

r

perm, @=333K and J(x) = | 2

N
Magnetic effect on both the electrical resistivity p and thermal conductivity k was
taken into account too. The effect of background magnetic fleld B on the electrical
resistivity of the copper was taken as p(T,B)/p(T,0)=1+a*B*p(273K,0}/ p(T,0). For
transverse effect a is equal to 0.003 (see Fig. 4.3.1a). Accordance to [5] the
Wiedemann-Franz law is constant for varying magnetic fields. So, the copper
thermal oconductivity as function of B calculated assuming the ratio
k(B)p(B} /k{0)p{0) = 1. Thermal conductivity of copper for B=0 and B=1T is shown
in Fig. 4.3.1b. The Lorentz number L{T) = k(T)*p(T})/T for copper with B=0 and
B=1T is given in Fig. 4.3.1c. Specific heat of copper shown in Fig.4.3.1d.

dx

— I° 10

— / 2

=

g w2 % /

g / 2 77\

= / = / \

B

E 111]-_“"r J E / —
ol
ey 0 100 1 10e I 100 Bl

Tawparsiurs [K | Tenperaturs K]

(@ (b)

12



—8 T

2510 (]
[ =
_ el 1
£ - bl
Zo2e E s /
- &l
E P /
# 5 = it
E .5 10 E-
116
g © 3 |00 3
I ) |06 I* I I i) I* ¥
Temperaturs (K] Tennperaturs ||

(© (d)

Figure 4.3.1 Properties of copper RRR=55 as function of emperature tor two values of magnetic
tield B=0 {dash line} and B=1T (solid line}

Invar propeities

The data on thermophisical properties of Invar are scant enough and in bad
consistency. The data used in present simulation are given in Table

Thermal conductivity and specific heat of Invar
Specitic Heat,

Temperature, K Cenductivity,

W,/m K k] /m? K
4 022 7.86
6 0.39 12
8 0.57 16.3
10 0.76 20.9
15 1.3 34.3
20 1.9 52.6
25 2.5 775
k' 3.2 113
40 4.4 221
50 5.6 718
70 7.5 1330
% 8.8 1890
100 9.3 2120
110 9.5 2330
130 10.6 2660
150 114 2610
170 12 3110
200 129 3330
250 14.2 3600
300 15.2 3810

13



NbTi propeities

A very poor data base is available for NbTi thermal properties at the moment. The
data of different references in a bad consistency. The next table shows the specific
heat used in present simulation. Thermal conductivity of NbTi was neglected in
compare with high conductivity of a copper matrix.

SPEL'.iﬁE heat of NbTi
Temperature, K SPTS;E:I:I;EL

4 3,66

f 12,1
3 25.4
1a .4
15 0.9
20 144
25 1965
30 328
40 605
B0 851
7a 1430
Sq 20149
100 2200
119 2420
130 2690
150 2880
17/ 3020
200 317
28 33R0
33 3440

Critical properties of NbTi/Cu Strand defined (per a strand) as
I.(B,T)=ly/ sqrt{B/ Bo)*[1-{T-To)/ (T(B}-To)),

TAB)=Tw*(1-B/B0)?%®, Bo=4T, To=1.2K, Io=725A

4.4 Correlation for heat exchange and friction

For modeling of heat and momentum exchange between the helium flow and
wetted surfaces of the central tube and cable strands the following correlation
used:

heat transfer coefficient and friction factor in conductor central channel
3.66, BRe <2300
0.023Re" ¥ Pr%, Re>2300

Re T ) = A (T ) Dy {

14



16/Re,
0.07%/Re

Re <2300

Re Ty, )=
f{ H ) { .|:|_251 Re >23-{'.‘{'.|'

where Re=m D /A is the Reynolds number, Pr=Cpp/ 4 is the Prandtl number.

heat transfer coefficient and friction factor in the cable void space

fooid = 2000 W/ m?K. This value ensure practically ideal heat exchange of He
with cable stratuds that seems to be relevant

frod = (19.5/ReP ¥ +0.051) /(4.*Voi1d972). This is ITER reference formula used
tor calculating of friction factor in momentum equation in the cable void
space.

4.5 Hydraulic scheme and initial state

Hydraulic layout used for present simulation of cable quench is shown in Fig. 4.5.
Supply and Return Lines are modeled as very large collectors V1 and Vé with

tollowing initial pa

rameters of helium: Py =4.5 bar, Ts =4.52 K and Pg =1.3 bar.

The valve hydraulic resistance (cross section area Ak in equation {12)) is balanced
in such manner that under steady state mass flow rate 40g/s the pressure in the
transmission line inlet equals 3.3Bar. Background heat load on the conductor is

0.2W /m.
(a)
i e
Al Conductor central channel A 'ne
V5 >: [lllllllllll:/lf(;llllllllllllllllllll [ ] V6
Inlet oid space Outlet
Valve Valve
(b)
“Supply “Return
Line’ Line"
Al V1 Conductor central channel V4 A2
V5 —D<—T O0—P<G— Ve
Inlet Outlet
Valve Valve
Figure 4.5 Hydraulic layout used for two-channel (a} and single channel (b) models

of the transmission line conductor during quench simulation.
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4.6 Space and time discretization

Space step Ax along the transmission line conductor {cable and both invar tubes)
are chosen in accordance with simulation accuracy and equal to lem. Four space
steps used in radial direction of both inner and outer invar tubes. Non-uniform
radial space steps (four for each tube) are 0.11-0.22mm and 0.18-0.36mm for inner
and outer tubes correspondingly. Time step At is limited by Currant criteria and
equal to 20-40mksec.

5. SIMULATION RESULTS

5.1 Quench scenario

Simulation results are obtained for 5 options when quench is caused by heating
pulse located in the middle of the conductor. Rectangular in space and constant in
time heating pulse with duration 5ms deposited into 3em (100cm for Option 2
onlyj central part of the cable strands. The heating power density for considered
options are shown in Table.

Inifial disturbance power density

Conduckor modal Cpticn Power density, kW/m
Void fraction 0% 1 2

2 1.8

3 2

4 25
Void fraction 73 B 4

Given values are slightly more than stability margin under operating current
I;=100kA and could be considered as stability margin estimation to considered
disturbance. Under quench it is assumed that copper tape serves as a current
carrier for operation current together with the strand copper. It is assumed in
present simulation the twist angle 6 is considered as an average common margin
both for the cable strands and copper tape.

Protection. When Normal Zone voltage reaches 1V quench detection threshold the
operational current starts ramp down with the current decay time constant
1=L / Reri=1 ser.

5.2 Single channel conductor model (zero void fraction)

Four options were considered for this variant of conductor model. Option 1
(RRR=55, Las=3cm, actual heat exchange) was considered as referenced variant.
Option 2 differ from previous one by Lus=100cm. Option 3 differ from Option 1 by

16



zero heat transfer from inner invar tube to conductor SHe. Option 4 differ from
Option 3 by copper purity (RRR=100).

5.2.1 Option 1 (Referenced)

Quench detection time delay {1V threshold) is 0.12s from the heat disturbance
beginning. Figures 5.2.1.1 through 5.2.1.15 show basic results obtained for Option].
Typical view of the strand tem perature for different times is shown in Fig. 5.2.1.1.
Transient thermal diffusion in depth of the inner and outer invar tubes leads to
temperature difference between the tube surfaces having contact with the cable
strands and external ones. These differences are given in Fig. 52.1.6, 5.2.1.7.
Evolution of Notmal Zone voltage, length, resistance and velocity are shown in
Fig. 5.2.1.11 through 5.2.1.14. NZ velocity is obtained by numerical differentiation
of NZ length curve divided by 2. Because the finite velocity of heat diffusion in
depth of the invar tube the SHe temperature in channel begin change with time
delay about 0.05s. Small heat transfer coefficient in the center of conductor (zero
SHe velocity) is the reason why the SHe temperature in the middle of conductor
has a local minimum The features of normal zone spreading in transmission line is
its wave form in time because of preheating of conductor by the channel helium.
Evolution of SHe mass flow rate at the ends of cable {inlet & outlet valves) and its
center is shown in Fig.5.2.1.9. Because the size of inlet valve hole is more than
outlet one (the state of valve is fixed during quench)) the average blow up of SHe
through it in the inlet collector is higher.

TE]

400

00—

200-—]

100——3

Figure 5.2.1.1a Evolution of the cable strand temperature during quench protection
(current decay constant t=1s, voltage threshold 1V.
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Figure 5.2.1.1b Evolution of the cable strand temperature during quench protection
(current decay constant t=1s, voltage threshold 1V, times: 0.04, 0.12, 0.28, 0.44, 0.60,
0.76, 0.92, 1.08, 1.24, 1.40, 1.56, 1.72, 1.88 2.04, 2.20, 3.00s).
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Figure 5.2.1.2 Evolution of the helium temperature during quench protection
(current decay constant t=1s, voltage threshold 1V, times: 0.12, 0.2, 0.44, 0.68, 0.92,
1.16, 1.4, 1.64, 1.88, 2.12, 2.36, 2.6, 3s).
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Figure 5.2.1.3 Evolution of the helium density during quench protection {current
decay constant t=1s, voltage threshold 1V, times: (.04, 0.08, 0.12, 0.2, 0.44, 0.68,
0.92, 1.16, 1.4, 1.64, 1.88, 2.12, 2.36, 2.6, 3s).
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p 0 % ]

Figure 5.2.1.4 Evolution of SHe pressure {(-3s} inside the cable channel.
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Figure 5.2.1.5 Evolution of helium velocity (0-3s) inside the cable channel.
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Figure 5.2.1.6 Evolution of maximal temperature (the middle of cable) for the
Cable strands and external surfaces of Inner and Outer invar tubes.
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Figure5.2.1.7 Evolution of the tem perature differences across the thickness of
Inner and Quter invar tubes.
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Figure 5.2.1.8 Evolution of the SHe temperature in the middle of the cable channel
during quench protection.
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Figure 5.2.1.5 Evolution of the SHe pressure at the cable ends and its center during
quench protection.
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Figure 5.2.1.10 Evolution of the SHe mass flow rate at the cable ends (inlet & outlet
valves) and its center during quench protection.

26



kLIl T

MZ VOLTAGE (V)
I

o | | | | |
1] {1 | 1.5 1 1% 3

TIME (s}
Figure 5.2.1.11 Evolution of Normal Zone voltage during quench protection (solid
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Figure 5.2.1.12 Evolution of Normal Zone length during quench protection (solid
linej and without protection {dashed linej.
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Figure 5.2.1.13 Evolution of Normal Zone resistance during quench protection
(solid line) and without protection {dashed linej.
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Figure 5.2.1.14 Evolution of Normal Zone velocity during the quench protection.
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Figure 5.2.1.15 Current decay during protection (tdelay=0.12s, 17=1s).

29



5.2.2 Option 2 (Effect of initial heat disturbance size)

Figures 5221 through 5.2.2.15 show basic results obtained for variant with
cooling and in compare with the previous similar variant the only difference is
another length of the initial heat disturbance zone Lswwe=1lm instead of 3cm.
Howevaer this change significantly decreases the quench detection time delay
(down to 0.08s for 1.1V quench detection threshold} and hot spot temperature for
the same magnitude of the copper residual resistivity ratio RRR=55.

T [E] /
400—] / -z
N
00— ;#
A \ ﬁﬁﬁﬁﬁ
00— T \\\ e .
0N
. TN e
AR e
7 Lt
d t [sec]
22

38

Figure 5.2.2.1a Evolution of the cable strand temperature during quench protection
(current decay constant t=1s, quench detection time delay t4e=0.08s).
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Figure 5.2.2.1b Evolution of the cable strand temperature during quench protection
(current decay time constant 1=1s, quench detection time delay tdet=0.08s, times:
0.04, 0.08, 0.18, 0.28, 0.48, 0.68, 0.88, 1.08, 1.28, 1.48, 1.68, 1.88, 2.08, 2.38, 2.98s).
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Figure 5.2.2.2 Evolutior of the helium temperature durimg querch protectior
(currerrt decay time comstamt 1=1s, querch detectior time delay tdet=0.08s, times:
0.04, 0.08, 0.18, 0.28, 0.48, 0.68, 0.88, 1.08, 1.28, 1.48, 1.68, 1.88, 2.08, 2.38, 2.78, 2.98s).
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Figure 5.2.2.3 Evolution of the helium density during quench protection {current
decay constant 1=1s, quench detection time delay tdet=0.08s, times: 0.04, 0.08, 0.18,
0.28, 0.48, 0.68, 0.88, 1.08, 1.28, 1.48, 1.68, 1.88, 2.08, 2.38, 2.78, 2.98s).
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Figure 5.2.2.5 Evolution of helium velocity (0-3s) inside the cable channel.
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Figure 5.2.2.6 Evolution of maximal temperature (the middle of cable) for the
Cable strands and external surfaces of Inner and Outer invar tubes.
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Figure5.2.2.7 Evolution of the tem perature differences across the thickness of
Inner and Quter invar tubes.
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Figure 5.2.2.8 Evolution of the SHe temperature in the middle of the cable channel
during quench protection.
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Figure 5.2.2.5 Evolution of the SHe pressure at the cable ends and its center during
quench protection.
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Figure 5.2.2.10 Evolution of the SHe mass flow rate at the cable ends (inlet & outlet
valves) and its center during quench protection.
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Figure 5.2.2.12 Evolution of Normal Zone length during quench protection (solid

linej and without protection {dashed linej.
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Figure 5.2.2.15 Current decay during protection (tdelay=0.08s, 1=1s).
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5.2.3 Option 3 (Effect of no cooling)

It is assumed no heat exchange between the transmission line helium and wall of
invar tube. We name this variant almost “adiabatic” having in view the heat
exchange between the cable strands and invar tubes only. Quench detection time
delay (1V threshold) from the heat disturbance beginning is 0.12s.

T K]

400——

00—

Figure 5.2.3.1a Temperature evolution of the cable strands during quench
protection {current decay constant t=1s, voltage threshold 1V).
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Figure 5.2.3.1b Temperature evolution of the cable strands during quench
protection {current decay constant 1=1s, voltage threshold 1V}. Time: 0.04, 0.12,
0.24, 0.40, 0.56, 0.62, 0.88, 1.04, 1.20, 1.36, 1.52, 1.68, 1.84, 2.00, 2.16, 2.96s
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Figure 5.2.3.2 Evolution of maximal temperature (the middle of cable) for the
Cable strands and external surfaces of Inner and Outer invar tubes.

45



Tamparatws (K}

= lnner invar tube
= uter invar tube

Figure5.2.3.3 Evolution of temperature differences across the thickness of Inher
and Outer nvar tubes.
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Figure 5.2.3.4 Evolution of Normal Zone voltage during quench protection (solid
linej and without protection {dashed linej.
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Figure 5.2.3.5 Evolution of Normal Zone length during quench protection (solid
linej and without protection {dashed linej.
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Figure 5.2.3.6 Evolution of Normal Zone resistance during quench protection
(solid line) and without protection {dashed linej.
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Figure 5.2.3.8 Current decay during protection (tdeizy=0.12s, 1=1s).
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5.2.4 Option 4 (Effect of copper purity)

In compare with the previous similar option the only difference is RRR=100
instead of 55. However it significantly increases the quench detection time delay
up to 0.16s for 1V threshold. Typical view of the strand temperature for different
times during quench protection is shown in Fig. 5.2.4.1. Transient thermal
diffusion in depth of the inner and outer invar tubes leads to temperature
difference between the tube surfaces. This difference is given in Fig. 5.2.4.2, 5.2.4.3.
Evolution of Notmal Zone voltage, length, resistance and velocity are shown in
Fig.5.2.4.4 through 5.2.4.7. NZ velocity is obtained by numerical differentiation of

NZ length curve divided by 2. Without protection conductor burns out in about
0.6sec.
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Figure 5.2.4.1a Temperature evolution of the cable strands durirlg quench

protection {current decay time constant t=1s, quench detection time delay
tdet=|:|.165]|.
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Figure 241k Temperature evolution of the rable strands during quench

protection {current decay time constant t=1s, quench detection time delay
tde1=0.163). No cooling. Time: 0.08, 0.16, 0.24, 0.32, 0.4, 0.56, 0.8, 1.12, 1.52, 2.24, 2.965
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Figure 5.2.4.2 Evolution of maximal temperature (the middle of cable) for the
Cable strands and external surfaces of Inner and Outer invar tubes.
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Figure5.2.4.3 Evolution of temperature differences across the thickness of Inher
and Outer nvar tubes.
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Figure 5.2.4.4 Evolution of Normal Zone voltage during quench protection (solid
linej and without protection {dashed linej.
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Figure 5.2.4.5 Evolution of Normal Zone length during quench protection (solid
linej and without protection {dashed linej.
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Figure 5.2.4.6 Evolution of Normal Zone resistance during quench protection
(solid line) and without protection {dashed linej.
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Figure 5.2.4.8 Current decay during protection (tdeiay=0.16s, T=1s).
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5.3 Two-channel conductor model (7% void fraction).

5.3.1 Option 5

This option differ from Optionl only by non-zero void fraction in cable space filled
by SHe. Quench detection time delay for this model {1V threshold} equals to 0.125s
that is slightly more (initial normal zone velocity is slightly less) compared with
referenced Option 1 of previous model. The reason is small SHe percentage in void
space and significant thermal non-equilibrium between the helium and cable
strands on the moving boundary of Normal Zone, i.e. Steckly parameter is small.
At the boundary of NZ there is a pressure drop between the SHe in the void space
and central chanrel. Magnitude of pressure drop is defined by punched
transversal cross area. For considered case (with A=5mm? per 1m of cable length)
its initial value is about 1 bar and should be decreased proportionally to A2,

T[]

400——
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200——
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Figure 5.3.1.1a Evolution of the cable strand temperature during quench protection
(current decay constant t=1s, quench detection time delay #de:=0.125s).
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Figure 5.3.1.1b Evolution of the cable strand temperature during quench protection
(current decay constant t=1s, quench detection time delay tdet=0.125s, times: 0.025,
0.075, 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.825, 1.025, 1.225, 1.425, 1.625, 1.825,
2.025, 2.425s).
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Figure 5.3.1.2 Evolutiorr of the helium temperature imside the comductor charmmel
durimmg querch protectiorr {(curremt decay corstart t=1s, querch detectiorr time
delay tae=0.125s, times: 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.825, 1.025, 1.225,
1.425, 1.625, 1.825, 2.025, 2.425s).
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Figure 5.3.1.3 Evolution of the helium temperature ineide the cable space during

quench protection {current decay constant t=1s, quench detection time delay
t1er=0.125s, times: 0.025, 0.075, 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.825, 1.025,
1.225, 1.425, 1.625, 1.825, 2.025, 2.425s).
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Figure 5.3.1.4 Evolution of the helium density inside the cable channel during
quench protection {current decay constant t=1s, quench detection time delay

tie=0.125s, times: 0.025, 0.075, 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.825, 1.025,
1.225, 1.425, 1.625, 1.825, 2.025, 2.4255).
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Figure 5.3.1.5 Evolution of the helium density inside the cable space during quench
protection {current decay constant t=1s, quench detection time delay taet=0.125s,
times: 0.025, 0.075, 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.825, 1.025, 1.225, 1.425,
1.625, 1.825, 2.025, 2.425s).
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Figure 5.3.1.7 Evolution of helium velocity inside the cable channel (0-1.525s)
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Figure 5.3.1.8 Evolution of helium

Figure 5.3.1.9 Evolution of hel
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Figure 5.3.1.10 Evolution of the He pressure drop batween the cable space and
cable channel during the quench {times: 0.025, 0.075, 0.125, 0.225, 0.325, 0.425,
0.525, 0.625, 0.825, 1.025, 1.225, 1.425, 1.625, 1.825, 2.025, 2.425s).
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Figure 5.3.1.11 Evolution of maximal temperature (the middle of cable) for the
Cable strands and external surfaces of Inner and Outer invar tubes.
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Figure 5.3.1.12 Evolution of the tem perature differences across the thickness of
Inner and Quter invar tubes.

67



1]

Tamparatwrs (K}

1] L] | 1.5 2 25
Lime (s}
Figure 5.3.1.13 Evolution of the SHe temperature in the middle of the conductor
channel during quench protection.
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Figure 5.3.1.14 Evolution of the SHe temperature in the middle of the cable space
during quench protection.
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Figure 5.3.1.15 Evolution of the SHe pressure at the cable ends and center during
quench protection.
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Figure 5.3.1.16 Evolution of the SHe mass flow rate at the conductor ends (inlet &
outlet valves) and center during quench protection.
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Figure 5.3.1.17 Evolution of Mormal Zone vﬂltage during quernch protection.
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Figure 5.3.1.18 Evolution of Normal Zone length during quench protection.
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Figure 5.3.1.20 Evolution of Normal Zone velocity during quench protection.
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Figure 5.3.1.21 Current decay during protection (t4e=0.125s, T=1s).

5.4 Impact of contact thermal resistance on hot spot temperature

Effact of thermal resistance between the current carrier (Rutherford type cable plus
copper tape) and invar tubes on hot spot temperature of conductor is considered
on sim plified model.

Simple formula usually used for hot spot temperature calculation of a composite
conductor is

E*QM:—ACHZAL T"Cd‘T ,(5.4.1)

where I the conductor current and the integrals over temperature are performed
for each constituent of the conductor with A, the cross sectional area, 7. the
density, C, the specific heat, and pcu the electrical resistivity of copper.

For the transmission line drive conductor this formula should be slightly changed
due to the twist of the Rutherford type composite cable along the tube. If take the
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same assumption for multi component conductor as for the composite one (the
same temperature for componentsy and treat A, as cross sectional area of
component in a plane perpendicular to the tube axis formula (5.4.1} transforms to
following view

EZQ)dF—Acncas(ﬁ)zEAL T ¢ 4T, (5.4.2)

where 6 is the angle of the cable twist.

In common case for the multi component conductor with current sharing between
its twisted components (single temperature model] it is easy to obtain

E%)dr :r" ZA,T,C, ZA, cos” (9, )/p,  (5.4.3)
T3 n

Consider simple two temperatures model of transmission line to define impact of
thermal resistance between the current carrier {(Rutherford type cable plus copper
tape) and invar tubaes on hot spot temperature. Let 8 is effective average angle of
current carrier twist {including strand transposition). It is assumed no current in
components but copper during quench.

Equation of energy conservation for the current carrier:

i1 Pead (1)
A Cro + A e ri¥ g Cag g )il = L8 ~ap(T, -T,.), (544
(AeuYeuCou + Arsr¥asnCrsni) & Ag,c0sl(®) p(Te —Tim) , (5.4.4)

where p the contact area between the current carrier and invar tubes per unit of
tube length, # the heat transfer coefficient. Thermal resistance R is considered as
magnitude inversely proportional to product fp.

Equation of energy conservation for the invar tubes:

a7,
ALWT!MCFM dl:':i‘ = hP(TN - Tmr) {545} .

For illustration purpose replace it by ratio of k.(T) the thermal conductivity of
invar to By the effective thickness. Let time detection delay tw=0.12sec, current
decay time constant T=1sec, initial quench current lp=100kA, non-twisted factual)
copper cross sectional area Acy = 138.7mm?, non-twisted NbTi cross sectional area
Angin = 62.3mm2, total of both invar tubes cross sectional area Ape = 222 mms,
contact perimeter p=0.2m, material properties as reported. Solving numerically the
system of ordinary differential equations (5.4.4), (5.4.5) the following dependency
of hot spot temperature vs. effective thickness is obtained
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Figure 5.4.1. Dependency of hot spot temperature from effective invar thickness.

Figure 5.4.1 shows that for ideal thermal contact (8=0) the hot-spot temperature are
equal to 402K for referenced resistivity (RRR=55).

Tem perature evolution of the current carrier and invar tubes for some values of
effective invar thickness are shown in Figures 5.4.2 through 5.4.7.

The mostly close to reported data is variant shown in Fig. 5.4.2, 54.3 with
6=0.3mm. This value seems to be valid for continuous thermal contact between the
cable and tubes but small for non-continuos contact. So more accurate estimation
of extra thermal resistivity due to interrupted contact is needed.
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Figure 5.4.2 Temperature evolution of current carrier (solid) and invar tubes
{dash). RRR=55, 6=0.3mm.
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Figure 5.4.3 Evolution of temperature difference between current carrier and invar
tubes. RRR=55, 6=0.3mm.
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Figure 5.4.4 Temperature evolution of current carrier (solid) and invar tubes
{dash). RRR=55, 6=0.15mim.
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Figure 5.4.5 Evolution of temperature difference between current carrier and invar
tubes. RRR=55, 6=0.15mm.
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Figure 5.4.6 Temperature evolution of current carrier (solid) and invar tubes
{dash). RRR=55, d=0.6mm.
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Figure 5.4.7 Evolution of temperature difference between current carrier and invar
tubes. RRR=55, 6=0.6mm.
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CONCLUSION

Analysisof simulated variants allows come to some conclusions

Heat transfer to SHe in compare with “adiabatic” case does not affect
significantly on the maximal (hot spot} temperature of the cable during
quench protection. It seems to be clear if take into account the huge ohmic
heat releases in compare with power removed by SHe from the cable strands
indirectly through the invar tube wall.

Helium in void space (less 7% of cable space] increases the stability margin
and does not affect on quench evolution.

Current carrier copper should be increased in compare with considered total
Cu/nonCu value.

The copper RRR does not has significant influence on hot spot tem perature
bacause the purer copper the greater quench detection time delay.

For quench caused by heat pulse with longer initial the hot spot tem perature
is less bacause the shorter quench detector time dalay for the same 1V quench
detection thresheold.

Hot-spot temperature of cable strongly depends on the thermal resistance. So
extra thermal resistance because of non-continuous contact between the
Rutherford type cable and invar tube should be taken into account.
Respectively the present heat model that used ideal thermal contact between
the cable and coating shell should be slightly corrected to get more accurate
result.
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